An inert, flowing autoclave facility is used to investigate the solubility behavior of "-PbO − is provided to permit accurate lead oxide solubility calculations over broad ranges of temperature and alkalinity.
ABSTRACT
An inert, flowing autoclave facility is used to investigate the solubility behavior of "-PbO (litharge, tetragonal) in aqueous solutions of morpholine, ammonia and sodium hydroxide between 38 and 260°C. Lead solubilities increased from about 0.4 mmol kg -1 at 38°C to about 4.5 mmol kg -1 at 260°C and were relatively insensitive to the concentration and identity of the pH-reagent. The measured lead solubilities were interpreted using a Pb(II) ion hydroxocomplexing model and thermodynamic functions for these equilibria were obtained from a least-squares analysis of the data. A consistent set of thermodynamic properties for the species Pb(OH) + , Pb(OH) 2 (aq) and Pb
(OH)
− is provided to permit accurate lead oxide solubility calculations over broad ranges of temperature and alkalinity.
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INTRODUCTION
Lead is an aggressive, relatively soluble metal ion species that is capable of degrading nickelbase alloys in hydrothermal environments. For example, operation of PWR steam generators with water containing Pb(II) ion concentrations as low as 0.1 ppm can result in lead-induced stress corrosion cracking of tubing alloys 600 and 690. (1) Lead species may be introduced into the reactor coolant circuit by contaminants in the plant make-up water, main condenser cooling water leaks, or from the lead used in seals/gaskets for pumps and pipe fittings and bearings in pumps and turbines. (2) Although accumulation of lead-containing solids on tubing surfaces at the sludge-metal interface is indicative of the redox reaction 2 2 Pb (aq) Ni(s) Ni (aq) Pb(s)
confirmatory chemical deposit analyses are presently lacking. Therefore, the extent of Pb(II) ion incorporation into the corrosion oxide layer(s) on the SG tubing surfaces is not known.
In order to correctly model the transport of Pb(II) ions in hydrothermal solutions as a function of temperature and pH it is necessary to know the thermodynamic properties of the stable, leadcontaining solid phase as well as the equilibria for the series of hydrolysis reactions 2 2 n 2 n Pb (aq) nH O Pb(OH) (aq) nH (aq)
Presently, litharge ("-PbO, tetragonal, red) is known to be the thermodynamically stable oxide in the PbO-H 2 O binary, with respect to massicot ($-PbO, orthorhombic, yellow) and hydrous lead(II) oxide, from room temperature up to the critical point. (3, 4) Although equilibrium constants for Eq. (2) are known at 25°C with a high degree of confidence, and a solubility investigation of litharge has been completed in sodium hydroxide at temperatures between 100 and 200°C, (5) the resulting log K vs. 1/T relationship for some of the Pb(II) ion hydrolytic equilibria exhibit non-linear behavior, which is inconsistent with that observed for isocoulombic hydrolysis reactions of other metal cations, see [Ref. 6] . Furthermore, litharge solubility predictions based on these results do not agree with PbO solubilities measured in a test facility that was used to investigate PbSCC.
To resolve the above discrepancy, a solubility study of litharge was undertaken in morpholine, ammonia and sodium hydroxide solutions, covering the temperature range 38-260°C.
Regression analyses of the resulting solubility database allowed equilibrium constants for the Eq.
(2) hydrolysis reactions to be determined for n = 1, 2 and 3.
EXPERIMENTAL

Materials
To minimize generation of fine particulate material, which could interfere with the solubility measurements, a coarse, granular form of lead(II) oxide was prepared using PbO certified by Cerac Incorporated to be 99.9% pure (metals basis). The coarsening process consisted of hotpressing at 525°C, followed by attrition through a 20 mesh sieve onto a 70 mesh sieve. Although XRD analyses of this material showed it to be massicot (orthorhombic PbO), small satellite peaks indicative of minor amounts of a sulfur impurity were present: anglesite PbSO 4 or hokutolite BaPb(SO) 2 . A few grams of the coarsened material were subjected to hydrothermal treatment in pure water at 210°C for 14 days to confirm that it would indeed transform to litharge in the solubility apparatus. As expected, litharge (tetragonal PbO) was the only PbO phase detected. . These values are consistent with those contained in the ICDD datafile for massicot (PDF 38-1477) and litharge (PDF 05-056). (8) In addition to visible color changes, distinct differences in crystalline morphology were observed by SEM: asreceived massicot from Aldrich-Alfa consisted of polyhedral grains having a size of ~60 Fm (see Fig. 1a ), while the litharge removed from the solubility apparatus upon completion of testing exhibited tabular grains ~20 Fm square x 6 Fm thick (see Fig. 1b ).
Apparatus
The solubility measurements were made using the ORNL solubility apparatus. Details of its construction are given in Ref. (9) . The essence of this facility is a test column containing the PbO, fabricated from Zircalloy-4, and equipped with submicron platinum/gold frits at its inlet and outlet to confine the PbO charge. Sampling is conducted through a platinum line which allows for on-line acidification to prevent Pb losses by precipitation on the walls of the sampling line.
Operational and Analytical Procedures
The test program consisted of a series of runs during which six different solution alkalinities were tested (three morpholine concentrations, two ammonia concentrations and one sodium hydroxide concentration). Pb(II) solubility measurements were taken in the temperature range 38-260°C at 27° intervals. Two initial measurements were conducted at 260°C using elevated sodium hydroxide concentrations that were aimed at possibly elevating the solubility of PbO and thereby preferentially dissolving fine particles that may have been present in the starting material. These results, however, failed to shown an enhanced solubility that could be attributed to the presence of fine particulates.
All feed solutions were prepared using deionized water that had been sparged with helium to remove dissolved oxygen. A total pressure of 0.134 MPa He was maintained over the feed solutions in all tests. The feedwater He concentration was calculated to be 53 Fmol kg -1 based on the pressure in the feed reservoir and Henry's law coefficient for the solubility of helium in water at 25°C (log K H = 51.5). (10) To ensure in situ transformation to litharge, the initial experiments were conducted in an isothermal mode at 260°C, maintaining a flow rate of 0.2 mL min -1 for each of the six different water chemistries. After the initial measurements were completed, it was found to be more expedient to maintain a constant feed solution composition and vary the temperature. This 
RESULTS
Solubility Measurements/Reactions
Results from the experimental program, in terms of measured lead concentrations as a function of temperature, are summarized in Table I Given the hydrothermal environments in which lead(II) oxide was exposed, only one solid phase dissolution reaction is possible
As many as three stepwise hydrolysis reactions of the Pb(II) ion may occur, per Eq. (2), so that the overall lead(II) oxide dissolution reaction becomes the following sequence
where n refers to the state of hydrolysis, and may take on the values 0 through 3.
By expressing the concentration of each possible Pb(II) complex in terms of an equilibrium constant and calculable H + ion concentrations, the measured Pb(II) solubilities were separated into contributions from each of the individual complexes. The total molality of lead in solution (i.e., saturation solubility limit) was then calculable by summation over all mononuclear Pb(II) ion species present.
pH Determination
Evaluation of the experimental solubilities listed in Table I in terms of concentrations of the possible hydrolyzed Pb(II) species present required that the pH (hydronium ion molality) be known at the existing solution conditions. This quantity depended on the molality of the alkaline reagent dissolved in solution (i.e., morpholine, ammonia or sodium hydroxide), as well as its ionization constant and that of H 2 O. The latter parameters, which are functions of solution temperature, are defined below in terms of thermodynamic activities ( ) and tabulated in Table II .
with
Both K w and K B were pressure-corrected (to 6.43 MPa), as well as ionic strength-corrected, using the published correlations. (11 -13) Equilibrium constants for Eqs. (4) were corrected for small deviations from ideal solution behavior by distinguishing between ionic concentration (i.e., molality) and thermodynamic
where (a i ) is the thermodynamic activity, γ i the ionic activity coefficient and [C i ] is the ionic concentration. Generally, it was assumed that ionic activity was related to ionic strength by an extended Debye-Hdckel expression, (14) which is applicable because the ionic strength was always < 10 -3 :
where S is the temperature-dependent, (15) limiting Debye-Hdckel slope (0.51 at 298 K), Z i is the ionic charge number, and I is the ionic strength (= (2) ΣC i Z i 2 ).
An overall ion electroneutrality balance was finally applied to determine [H + ] for each data point.
In ammonium hydroxide solutions, the balance is:
Since all terms were expressible in terms of temperature and total dissolved ammonia (or morpholine or sodium hydroxide) concentrations, Eq. (10) 
When the solubility data were analyzed, the importance of relative errors (i.e., percentage errors), rather than absolute errors, was accounted for by minimizing differences between the logarithms of the experimental and the predicted solubilities. The thermodynamic functions obtained were then resubstituted into the neutrality balance, and the two-step process was repeated. Because the high Pb(II) solubilities had significant impacts on solution pH, many iterative cycles were required to attain convergence, i.e., the condition when the calculated thermodynamic functions (and pH) ceased to change. 
, ∆C p° for similar non-isocoulombic reactions where ∆Z 2 = 2 is expected to be equivalent to that of the water ionization reaction, i.e., -223.8 J mol -1 K -1 . Therefore, C was constrained to zero (n = 1 and 2) and -223.8 J mol -1 K -1 (n = 3) in Eq. (12) 
DISCUSSION OF RESULTS
A. Comparison with Previous Litharge Solubility Studies
Previous litharge solubility measurements at elevated temperatures were reported by Sue et al. (18) in pure water and by Tugarinov et al. 
, are -71.63 ± 0.64, -37.33 ± 1.14, 25.12 ± 0.57 and 87.45 ± 0.57 kJ mol -1 , respectively. The alkaline pH range employed by our investigation precluded determination of the equilibrium for the n = 0 form of Eq. (4). However, Gibbs energy changes for the n = 1, 2 and 3 forms of Eq. (4) were readily extracted from the litharge solubility database. Our room temperature results given in Table IV Our result for the equilibrium for the n = 2 form of Eq. (4) 
species is a significant contributor to litharge solubility, two analytical modifications were made:
(1) )G°(298) for the n = 3 form of Eq. (4) was constrained to the accepted literature value, 87.56 kJ mol -1 , based on the work of Garrett et al. (20) and (2) at 100°C, which included litharge solubility measurements at alkalinities beyond the range of our study, was combined with the Table I database. The added solubilities were 1.1, 1.2, 4.6 and 9.7 mmol Pb kg -1 for sodium hydroxide concentrations of 9.5, 10, 40 and 100 mmol kg -1 , respectively.
A refit of the expanded database (60 points), together with application of two thermodynamic constraints on )G°(T) for the n = 3 form of Eq. (4) results in improved estimates for all three litharge dissolution reaction equilibria, see Table IV . Figure 7 shows that the refitted )G°(T)
values for the n = 3 equilibrium agree to within 2 kJ mol Table V provides a summary of recommended thermochemical properties for aqueous species in the PbO-H 2 O binary.
C. Thermochemical Properties of Pb(II) Ion Hydroxocomplexes
Lead is classified as a Group IVB element in the Periodic (25, 26) This behavior contrasts with that of divalent cations of the Period 3 transition metals, where 3d electron orbitals are involved and as many as ten water molecules are contained in the primary hydration shell.
The stepwise replacement of complexed water molecules by hydroxyl ions causes changes from an octahedrally-symmetric aquocomplex to a tetrahedrally-symmetric aquohydroxocomplex, with a concurrent increase in entropy (see Fig. 8 ). Standard partial molar entropies for Ge(OH) 4 (aq) and -5 Ge(OH) (aq) (tetrahedral entity is HGeO 2 -(aq)) are included for comparison in Fig. 8 to show that entropies for the higher order Pb(II) ion hydroxocomplexes approach those for hydroxocomplexes known to possess tetrahedral symmetry.
SUMMARY/CONCLUSIONS
The solubility behavior of litharge ("-PbO) was investigated in aqueous solutions of morpholine and ammonia using an inert, flowing autoclave system. To determine the importance of solubility enhancement via morpholino-and ammino-complexing, additional experiments were conducted in sodium hydroxide. Based on the accumulated Pb(II) solubility database, and the subsequent thermodynamic analyses afforded the data, it is concluded that:
1. Litharge solubilities are controlled by the sequence of three dissolution reaction
where n = 1, 2 and 3. 
